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ABSTRACT
We investigate large-scale galactic winds driven by momentum deposition. Momentum injection is provided
by (1) radiation pressure produced by the continuum absorption and scattering of photons on dust grains and (2)
supernovae (momentum injection by supernovae is important even if the supernovae energy is radiated away).
Radiation can be produced by a starburst or AGN activity.
We argue that momentum-driven winds are an efficient mechanism for feedback during the formation of galax-
ies. We show that above a limiting luminosity, momentum deposition from star formation can expel a significant
fraction of the gas in a galaxy. The limiting, Eddington-like luminosity is LM ≃ (4 fgc/G)σ4, where σ is the
galaxy velocity dispersion and fg is the gas fraction; the subscript M refers to momentum driving. A starburst that
attains LM moderates its star formation rate and its luminosity does not increase significantly further. We argue
that ellipticals attain this limit during their growth at z & 1 and that this is the origin of the Faber-Jackson relation.
We show that Lyman break galaxies and ultra-luminous infrared galaxies have luminosities near LM. Since these
starbursting galaxies account for a significant fraction of the star formation at z & 1, this supports our hypothesis
that much of the observed stellar mass in early type galaxies was formed during Eddington-limited star formation.
Star formation is unlikely to efficiently remove gas from very small scales in galactic nuclei, i.e., scales much
smaller than that of a nuclear starburst. This gas is available to fuel a central black hole (BH). We argue that a
BH clears gas out of its galactic nucleus when the luminosity of the BH itself reaches ≈ LM. This shuts off the
fuel supply to the BH and may also terminate star formation in the surrounding galaxy. As a result, the BH mass
is fixed to be MBH ≃ ( fgκes/πG2)σ4, where κes is the electron scattering opacity. This limit is in accord with the
observed MBH −σ relation.
Subject headings: galaxies:general — galaxies:formation — galaxies:intergalactic matter — galaxies:starburst
— galaxies:fundamental parameters
1. INTRODUCTION
Large elliptical galaxies in the local universe exhibit a re-
lation between their luminosity L and the depth of their grav-
itational potential wells (as measured by their stellar velocity
dispersion σ) of the form L ∝ σ4, a result first noted nearly
thirty years ago (Faber & Jackson 1976). More recently it was
found that most nearby early-type galaxies (ellipticals and spi-
ral bulges) contain massive black holes, and that the mass MBH
of the hole scales as MBH ∝ σ4 (Ferrarese & Merritt 2000; Geb-
hardt et al. 2000; Tremaine et al. 2002). If these black holes
radiate near their Eddington limit, their luminosity would also
satisfy L ∝ σ4. It would be remarkable if this correspondence
with the Faber-Jackson (FJ) relation is a coincidence.
In an apparently unrelated phenomenon, nearby starburst
galaxies, which are generally spirals, but also include dwarf
irregulars and dwarf ellipticals, are seen to drive large-scale
galactic outflows (Heckman, Armus, & Miley 1990; Mar-
tin 1999; Heckman 2000; Strickland 2004; Martin 2004).
More distant starburst galaxies include Lyman Break Galax-
ies (LBGs; Steidel et al. 1996) and SCUBA sources (e.g.,
Smail, Ivison, & Blain 1997). These also show evidence for
large-scale outflows (e.g., Pettini et al. 2000; Adelberger et
al. 2003). The SCUBA sources have infrared luminosities as
large as 1013L⊙, making them Ultra-Luminous Infrared Galax-
ies (ULIRGs; e.g., Genzel & Cesarsky 2000). The space den-
sity and mass of the ULIRGs suggest that they are the progeni-
tors of present day massive ellipticals.
In this article we argue that all of these phenomena are in-
timately related; they result directly from a limit on the lumi-
nosity of massive self-gravitating gas-rich objects set by mo-
mentum deposition in the interstellar medium. We show that
significant momentum injection into the ISM of star-forming
galaxies may be accomplished by two sources: radiation pres-
sure from the continuum absorption and scattering of photons
on dust grains, and supernovae.7 The photons may come either
from the starburst itself or from a central massive black hole.
Supernovae have often been considered as an energy source for
thermal pressure-driven galactic winds. Less consideration has
been given to supernovae as a source of momentum flux into the
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2ISM; unlike energy, the momentum supernovae deposit cannot
be radiated away.
Starburst galaxies both locally and at high redshift are typi-
cally highly reddened (e.g., Heckman, Armus, & Miley 1990;
Meurer et al. 1995; Sanders & Mirabel 1996; Adelberger &
Steidel 2000; Calzetti 2001; Genzel et al. 2004). Optical depths
to UV/IR photons may easily exceed unity, suggesting that a
large fraction of the momentum created by star formation is
available to drive an outflow. As noted above, a central AGN
provides an alternative source of photons. We show that either
source can drive a galactic wind. Previous authors have consid-
ered the possibility that dust itself is expelled from galaxies by
radiation pressure, particularly in the context of enriching the
IGM with metals (Davies et al. 1998; Aguirre 1999; Aguirre et
al. 2001abc). We argue that, as in models of dust-driven stellar
winds (e.g., Netzer & Elitzur 1993), the dust and gas are hydro-
dynamically coupled and thus that the dust can drag the gas out
of the galaxy.
This paper is organized as follows. We begin by considering
the general properties of momentum-driven galactic winds in
§2.2. We show via an Eddington-like argument that there exists
a limiting starburst luminosity above which a large fraction of
the gas in a galaxy can be expelled. When the gas is optically
thick, the limiting luminosity is given by
LM =
4 fgc
G
σ4, (1)
where fg is the fraction of mass in gas.8 Scoville (2003) has
considered an analogous optically thin Eddington limit in set-
ting the maximum luminosity per unit mass in star-forming
galaxies. In §3, we contrast the properties of momentum-driven
winds with those of energy-driven winds that are more typically
invoked in the galactic context (Chevalier & Clegg 1985; Heck-
man, Armus, & Miley 1990). We also show that the dynamics
of cold gas entrained in a hot thermal wind is analogous to that
of the momentum-driven outflows considered in §2 (we elabo-
rate on this point in an Appendix).
With equation (1) in hand, we focus on the importance of
this limit for setting the observed properties of elliptical galax-
ies. In §4 we present observational evidence that the star for-
mation rates required to reach our limiting luminosity are real-
ized during the formation of massive galaxies at high redshift.
These high star formation rates are probably initiated by galaxy
mergers. It follows that star formation in elliptical galaxies self-
regulates via momentum deposition. We show that this model
can account for the Faber-Jackson relation between the current
luminosity and velocity dispersion of early-type galaxies.
We also summarize data showing that the most luminous
galaxies at any σ and redshift, not just massive ellipticals,
roughly satisfy equation (1). We argue that this implies that en-
ergy deposition by supernovae is not efficient at globally halting
star formation, even in small galaxies. This is in contrast to the
conventional picture in the galaxy formation literature (Dekel
& Silk 1986).
We then consider the relative role of AGN and star formation
in driving large scale galactic winds (§5). We provide observa-
tional evidence that the most luminous AGN have luminosities
≈ LM. This supports a model in which accretion onto AGN
self-regulates in a manner similar to that of star formation on
galactic scales. When the AGN luminosity (and BH mass) ex-
ceeds a critical value, the AGN clears gas out of the galactic
nucleus, shutting off its own fuel supply. This can account for
the observed MBH −σ relation. Our treatment of self-regulated
black hole growth is similar to that of King (2003; see also Silk
& Rees 1998; Haehnelt, Natarajan, & Rees 1998; Blandford
1999; Fabian 1999; Fabian et al. 2002).
Finally, in §6 we summarize our results and discuss further
implications of momentum-driven galactic winds.
2. MOMENTUM-DRIVEN GALACTIC WINDS
In this section we review the basics of momentum-driven
winds. In §3 we contrast the scalings derived here for mo-
mentum deposition with the corresponding relations for energy-
driven galactic outflows.
2.1. Preliminaries
We take as a model for the gravitational potential that of an
isothermal sphere with gas density and mass profiles given by
ρ(r) = fgσ
2
2πGr2 (2)
and
Mg(r) = 2 fgσ
2r
G
, (3)
where σ is the velocity dispersion and fg is the gas fraction. We
assume that fg is a constant throughout this work.
The goal of this paper is both to elucidate the physics of
momentum-driven galactic winds, and to discuss the applica-
bility of such outflows to rapidly star-forming galaxies at high
redshift. For the latter purpose, it is convenient to consider
several physical scales characterizing galaxies. We follow the
treatment of Mo, Mao, & White (1998). The virial radius of the
dark matter halo is given by
RV =
√
2σ
/
[10H(z)]
∼ 285 kpc σ200 h−1[H0/H(z)], (4)
where H(z) is the Hubble constant at redshift z where the halo is
formed, H0 = 100hkm s−1Mpc−1, and σ200 = σ/200km s−1. The
dynamical timescale on the scale RV is
τVDyn = RV
/
σ ∼ 1.4 Gyr h−1[H0/H(z)]. (5)
The total gas mass within a dark matter halo of dispersion σ is
≈Mg(RV ). Using equation (3) this yields
Mg = 5× 1011 M⊙ fg 0.1 σ3200 h−1[H0/H(z)], (6)
where fg 0.1 = fg/0.1.
Although the mass in dark matter is distributed out to the
virial radius RV , the baryons cool and condense in the dark mat-
ter halo and are thus significantly concentrated with respect to
the dark matter. The “disk” radius characterizing the baryons is
related to the virial radius by
RD =
1√
2
λRV
∼ 10 kpc λ0.05 σ200 h−1[H0/H(z)], (7)
8 A potentially related empirical limit on the surface brightness of starburst galaxies has been described by Meurer et al. (1997).
3where λ0.05 = λ/0.05 is the spin parameter of the dark matter
halo (Bullock et al. 2001). The dynamical timescale on the
scale RD is then
τDDyn = RD/σ ∼ 50 Myr λ0.05 h−1[H0/H(z)]. (8)
Note that both τVDyn and τDDyn are independent of σ and are fixed
fractions of the Hubble time, H(z)−1.
There is a final length and time scale that is not easily de-
duced from parameters of the dark matter, namely that charac-
terizing a starburst. Observations of systems ranging from local
dwarf starbursts to ULIRGs at high redshift show that star for-
mation can be distributed on scales ranging from ∼ 100 pc to
several kpc. It is important to note that although the dynami-
cal time of the starburst region might be rather short (e.g., ≈ 5
Myrs for a nuclear burst on kpc scales), the duration of the star
formation activity (≡ τSB) can be significantly longer. In par-
ticular, for starbursts triggered by a major merger, the duration
of the burst may be set by the duration of the merger, which is
several dynamical times τDDyn (eq. [8]).
2.2. Momentum Injection & The Mass Loss Rate
The maximal mass loss rate M˙W of a momentum-driven out-
flow from an object with total momentum deposition rate P˙ is
given by
M˙W V∞ ≈ P˙, (9)
where V∞ is the terminal velocity of the wind. We show below
that for galaxies V∞ ∼ σ. We consider two primary sources of
momentum deposition in driving large-scale galactic outflows:
supernovae and radiation pressure from the central starburst or
AGN. In the former case, assuming that each SN produces≈ 10
M⊙ of material moving at v ≈ 3000km s−1, we estimate a net
momentum deposition rate of
P˙SN ∼ 2× 1033 gcms−2
(
M˙⋆
1 M⊙ yr−1
)
, (10)
where M˙⋆ is the star formation rate and we assume 1 supernova
per 100 years per M⊙ yr−1 of star formation.9 This momentum
deposition by supernovae occurs even if the kinetic energy of
the explosion is efficiently radiated away. Note also that winds
from massive stars can provide a momentum flux comparable
to that provided by supernovae (Leitherer et al. 1999).
In the case of radiation pressure from a nuclear starburst
or AGN, in the point-source, single-scattering limit, P˙ = L/c,
where L is the luminosity of the central radiating object, and
L/c is the total momentum flux. Although both a starburst and
an AGN may contribute to the galaxy luminosity, we consider
only the starburst contribution to the total luminosity (LSB) in
this section. We explore the role of AGN in §5.
We can compare P˙SN with LSB/c for the starburst by writing
LSB = ǫM˙⋆c2. Examination of the starburst models of Leitherer
et al. (1999) and Bruzual & Charlot (2003) indicates that for a
Salpeter IMF,10 ǫ∼ 10−3 ≡ ǫ3, or that
LSB/c∼ 2× 1033 g cm s−2 ǫ3
(
M˙⋆
1 M⊙ yr−1
)
. (11)
Comparing eqs. (10) and (11) we see that the net momentum
deposited by supernova explosions is roughly the same as that
deposited by stars. With this in mind, we write equation (9) as
M˙WV∞ ≈ LSB/c. (12)
If the driving mechanism is pure radiation pressure from a cen-
tral starburst or AGN this equality is only appropriate if the flow
has optical depth (τ ) of order unity. More generally, given an
optical depth τ , “τL/c" replaces “L/c".
Since both P˙SN and LSB are proportional to the star for-
mation rate M˙⋆, equation (12) immediately implies that in a
momentum-driven galactic wind the mass loss rate is propor-
tional to the star formation rate:
M˙W ∼ M˙⋆
(
ǫc
V∞
)
= M˙⋆
(
300 ǫ3 km s−1
V∞
)
. (13)
This implies that, for V∞ ∼ σ ∼ 200km s−1, M˙W ∼ M˙⋆.
2.3. Wind Dynamics: Optically Thick Limit
We approximate the gas surrounding a point source with lu-
minosity L as a spherical optically-thick shell. Ignoring gas
pressure, the momentum equation for the gas can be written as
dP
dt = Mg(r)
dV
dt = −
GM(r)Mg(r)
r2
+
L(t)
c
, (14)
Using equation (3) we see that if L(t) is less than the critical
luminosity
LM =
4 fgc
G
σ4, (15)
where the subscript “M" on the limiting luminosity LM stands
for momentum-driven, then the effective gravity is reduced by
the momentum deposition of the radiation, but the motion of
the gas is inward toward the central point source. For L & LM,
the gas moves outward in a radiation pressure-driven outflow.
Taking L(t) constant in time in equation (14) implies
dV
dt =
GM(r)
r2
[
L
LM
− 1
]
=
2σ2
r
[
L
LM
− 1
]
. (16)
Taking equation (16) as the momentum equation for a time-
independent optically thick wind (not a shell) and integrating,
we obtain
V (r) = 2σ
√[
L
LM
− 1
]
ln
(
r
R0
)
, (17)
where R0 is the initial radius of the outflow and we have ne-
glected V (R0). For L of a few times LM and distances as large
as several RV(≫ R0), the asymptotic velocity does not exceed
several times σ, i.e., V∞ ≈ 3σ.
When L & LM, the momentum injected by star formation
is sufficient to blow out all of the gas in the galaxy. Taking
fg 0.1 = fg/0.1 and σ200 = σ/200 km s−1 yields
LM ≃ 3× 1046 erg s−1 fg 0.1σ4200. (18)
The star formation rate corresponding to LM is then
M˙⋆ = LM/ǫc2 ≃ 500 M⊙ yr−1 fg 0.1ǫ−13 σ4200. (19)
9 Shell-shell collisions in a spatially homogeneous distribution of supernova remnants will cancel momentum at shell-shell interfaces. Hence, only outside the region
where the distribution can be described as homogeneous will there be a significant outward radial momentum flux. Therefore, the estimate of equation 10 should be
regarded as an upper limit to the net momentum injection available for driving a wind.
10 The efficiency ǫ depends on the low-mass cutoff of the IMF, ml , as ǫ∝ m0.35l .
4From equation (12), the outflow rate is
M˙W ≃ 500 M⊙ yr−1 fg 0.1σ3200. (20)
Equations (15) and (20) imply that M˙W ∝ σ3 ∝ L3/4.
It is worth considering whether the luminosity LM can plau-
sibly be obtained in a starburst. In §4 we provide observational
evidence that it is, while here we present a simple theoretical
estimate. The maximum star formation rate in a dark matter
potential well can be estimated by first assuming that the gas
builds up on a scale∼RD without much star formation, à la Mo,
Mao & White (1998). Mergers and interactions between galax-
ies can then efficiently convert this gas into stars on a timescale
∼ τDDyn ∼ RD/σ, the merger timescale. This can in principle
generate a star formation rate approaching
M˙max⋆ =
Mg
τDDyn
=
23/2 fg
λG
σ3
∼ 104 M⊙ yr−1 fg 0.1λ−10.05σ3200, (21)
producing a maximum luminosity of
Lmax = ǫM˙max⋆ c
2
∼ 6× 1047 erg s−1 ǫ3 fg 0.1λ−10.05σ3200. (22)
With this estimate for the maximum star formation rate, there is
a critical σ ≡ σmax above which a starburst cannot generate the
luminosity required to expel the gas (i.e., Lmax . LM):
σmax =
ǫc√
2λ
∼ 4000 km s−1 ǫ3λ−10.05. (23)
This estimate suggests that star formation rates required to pro-
duce a luminosity ∼ LM can plausibly be achieved, particularly
in mergers when stored gas is converted into stars on a timescale
∼ τDDyn. The actual value of σmax is, of course, quite uncer-
tain because it depends on the efficiency of star formation and
ambiguities in defining the dynamical timescale for the star-
burst. Equation (23) may well be an overestimate because the
gas mass available for star formation at any time may be signif-
icantly less than the total mass Mg in equation (6).
2.4. Wind Dynamics: Optically Thin Limit
So far we have assumed that the flow is optically thick at the
base of the wind. This is certainly appropriate in the case of
pure momentum driving by supernovae (P˙SN). However, if P˙
is provided by the luminosity of the starburst or AGN, then we
must distinguish between the optically thick and optically thin
limits. If the spherical shell surrounding a point source with
luminosity L is optically thin, again ignoring gas pressure, the
momentum equation for the shell is
dV
dt = −
GM(r)
r2
+
κL
4πr2c
, (24)
where the optical depth τ = κMg(r)/4πr2 and κ is the opacity
(per unit mass of gas). Thus, the condition on the luminosity
for the shell to move outward is the classical (optically thin)
Eddington result,
LSB & LEdd =
4πGM(r)c
κ
=
8πc
κ
σ2r
≈ 1046 erg s−1σ2200 rkpcκ−1100, (25)
where κ100 = κ/100 cm2 g−1 and rkpc = r/1 kpc. The velocity
profile for a steady-state optically thin wind can be obtained by
integrating equation (24),
V (r) = 2σ
√
Rg
(
1
R0
−
1
r
)
+ ln(R0/r), (26)
where
Rg ≡ κL8πcσ2 =
L
LEdd(R0) R0. (27)
The gas, close to R0, initially accelerates. When it reaches Rg it
begins to decelerate, eventually stopping if the galaxy is much
larger than the initial launch radius R0. In order for the gas to
reach ten times its initial radius, we require L/LEdd ∼ 3.
Equations (24)-(27) also apply to optically thick clouds that
fill only a fraction of the volume in the galaxy (in contrast to the
optically thick shell considered in §2.3). For a cloud of mass Mc
and area Ac, the force per unit mass a distance r from the lumi-
nosity source is AcL/(4πr2cMc). This is identical to the force
in equation (24) with κ→ Ac/Mc. In this case the Eddington
limit can be rewritten as
LEdd ≈ 2× 1045 erg s−1σ2200 rkpc N21 (28)
where N21 = NH/1021cm2 is the hydrogen column and we have
rewritten the mass per unit area of the cloud as Mc/Ac =
(4/3)mpNH . More properties of the acceleration of optically
thick clouds are considered in §3.1 and the Appendix.
2.5. The Critical Opacity & Dust Production
The difference between the limiting luminosity derived in the
optically thick case (LM; eq. 15) and that derived in the optically
thin case (LEdd; eq. 25) is important. The dividing line between
these physical regimes is given by a critical opacity κcrit above
which the gas is optically thick. To estimate κcrit, we assume
that all of the gas in a galaxy is concentrated on the scale RD
(see eq. [7]). The condition τ & 1 then requires κ& κcrit with
κcrit ≈ πGλ
2
√
2σ fg10H(z)
≃ 6 cm2 g−1 λ20.05 σ−1200 f −1g 0.1 h−1
H0
H(z) . (29)
Note that this estimate applies both if the gas is distributed
spherically on a scale ∼ RD or if it is in a disk (τ is then the
vertical optical depth through the disk). If κ<κcrit (particularly
likely at lower redshift where fg≪ 0.1 or in a small galaxy with
σ200 ≪ 1), then the optically thin limit obtains (eq. 25). Con-
versely, if κ>κcrit, then the optically thick limit obtains and the
limiting luminosity required to drive the gas mass to infinity via
momentum deposition is given by equation (15).
The critical opacity obtained in equation (29) is much larger
than the electron scattering opacity (κes ≃ 0.38 cm2 g−1), but it
is easily provided by continuum dust absorption and scattering
of photons (e.g. Draine & Lee 1984). Dust opacity can be in the
range of several hundred cm2 g−1 and is responsible for the high
reddening observed in both local (e.g. Calzetti 2001; Heckman,
Armus, & Miley 1990; Meurer et al. 1995; Lehnert & Heck-
man 1996) and distant starbursting galaxies including ULIRGs
(Sanders & Mirabel 1996) and LBGs (e.g. Adelberger & Stei-
del 2000). Note that κ > κCrit can be obtained even for very
subsolar metallicities (. 0.1 solar) suggesting that the momen-
tum driven outflows considered here may be important even for
the formation of relatively ‘primordial’ galaxies.
5It is worth considering how and in what quantity dust is cre-
ated in young galaxies. Dust can be created in AGB stars, but
the timescale to do so is ∼ 1Gyr, long compared to the dura-
tion of a starburst, and so may not dominate the production of
dust in young galaxies. Instead, Kozasa et al. (1989), Todini &
Ferrara (2001), and Nozawa et al. (2003) show that supernovae
can produce MDust ∼ 0.5 M⊙ of dust per supernova, depending
on the progenitor metallicity and mass. To order of magnitude,
with L the scale of the system, the number of supernovae re-
quired to yield τDust ∼ 1 in the volume (4π/3)L3 is
NSN ∼ 106
( L
2 kpc
)2(0.5 M⊙
MDust
)(
104 cm2 g−1
κDust
)
, (30)
where κDust is the opacity in units of cm2 per gram of dust (note
that throughout the rest of this paper κ is expressed in units
of cm2 per gram of gas; we use κDust in equation 30 because
the result can then be expressed independent of the gas mass or
gas-to-dust ratio). For a supernova rate of 10−2 yr−1 for every
solar mass per year of star formation, the timescale for super-
novae to generate τDust ∼ 1 is ∼ 108 yr M˙−1⋆ . This timescale
is reasonably short and so we expect that the required opacity
may be produced either by quiescent star formation or during a
starburst itself. For example, in a large starburst with M˙⋆ ∼ 100
M⊙ yr−1, τDust ∼ 1 is reached in just ∼ 106 yr (or soon after the
first supernovae occur).
2.6. The Coupling Between Dust & Gas
The mean free path for scattering of dust and gas is simply
λ = (nσdg)−1, where n is the gas number density and σdg is the
dust-gas scattering cross section. Since we require that order
unity of the dust momentum be imparted to the gas, the quan-
tity of interest is λM = λ(mD/mp), where mD is the mass of an
individual dust grain. For a grain of radius a and a geometric
cross section, we estimate
λM ≃ 10 pc a0.1 ρ3 n−11 , (31)
where a0.1 = a/(0.1µm), n1 is the number density of gas, nor-
malized to one particle per cm3, and ρ3 is the mass density of an
individual dust grain, normalized to three gram per cm3. To as-
sess the hydrodynamical coupling of dust and gas we compare
λM with the radial scale R in the galaxy. We leave to future
work a detailed multi-fluid model of dust-driven galactic winds
(as in models of winds from cool stars).
In a sufficiently low density phase of the ISM, it is possible
to have λM > R and thus for dust and gas to be hydrodynam-
ically decoupled. In this case dust could be expelled from a
galaxy without the gas (e.g., Davies et al. 1998). It seems,
however, more likely that the dust is present in the cold, dense
phase of the ISM with n1 & 1, in which case λM ≪ R and the
dust efficiently shares the radiative momentum it receives with
the gas. As the flow moves outwards, however, the density of
gas decreases and λM may eventually exceed the radius R. To
estimate the radial scale at which this happens (Rdg), we use
n = M˙W/(4πmpR2V ) to estimate the gas density (with M˙W from
eq. 20 and V ∼ σ). Combining with equation (31) we find that
λM > R at
Rdg =
3
4π
σ2 fg
ρDaG
∼ 150 kpc ρ−13 a−10.1σ2200 fg 0.1 . (32)
Because Rdg is significantly larger than the scale on which the
outflow is accelerated, we expect the dust and gas to be well
coupled in the acceleration region and thus that the gas can be
blown out of the galaxy with the dust. This estimate of Rdg
is probably conservative because the dust may primarily be in
cold gas clouds whose density will not decrease as R−2 as for
the continuous wind considered above. Note also that near the
source of UV photons the dust grains will be charged. This
will further increase the coupling of the dust to the gas, both
because of Coulomb collisions (Draine & Salpeter 1979) and
because the Larmor radius of the dust will be sufficiently small
that the dust is magnetically coupled to the gas.
3. ENERGY-DRIVEN GALACTIC WINDS
Several properties of winds generated by energy deposition
are different from those driven by momentum deposition. To
highlight the differences, we briefly review the physics of the
former in the galactic context (see, e.g., Chevalier & Clegg
1985 for analytic solutions).
Given a total energy deposition rate E˙ (erg s−1), one may es-
timate the mass loss rate of an energy deposition-driven wind
by equating the asymptotic kinetic energy loss rate with E˙
1
2
M˙WV 2∞ ≈ E˙. (33)
For a starburst galaxy the energy injection is provided by su-
pernovae and winds from massive stars, with comparable en-
ergy from each source (Leitherer et al. 1999). We focus on
supernovae here. Assuming each supernova yields an energy of
∼ 1051 erg, the total energy deposition rate from supernovae is
E˙SN = ξESNΓSN ∼ ξESNM˙⋆ fSN
∼ 3× 1040 erg s−1 ξ0.1
(
M˙⋆
1M⊙ yr−1
)
, (34)
where ξ is the efficiency of energy transfer to the ISM (ξ0.1 =
ξ/0.1 implies 10% efficiency),ΓSN is the number of supernovae
per unit time, and fSN ≈ 10−2 is the number of supernovae per
solar mass of star formation. The efficiency ξ with which SN
energy is transferred to the ISM is uncertain and depends on,
e.g., the density of the ISM. Thornton et al. (1998) showed that
supernova remnants typically radiate at least 90% of their en-
ergy during their evolution. Hence, only ∼10% may be effi-
ciently thermalized in the ISM. We normalize ξ to this value,
but emphasize that it is uncertain.
Comparing equation (34) with equation (11) we see that, ab-
sent radiative losses (ξ = 1), E˙SN can be written simply in terms
of the starburst luminosity as E˙SN ∼ 10−2LSB. The factor of 100
appearing in this relationship comes from the fact that a typ-
ical massive star releases ∼ 1053 erg in luminous energy over
its lifetime, whereas it deposits∼ 1051 erg during its supernova
(e.g. Abbott 1982).
Equations (33) and (34) can be combined to give an expres-
sion for the mass loss rate in energy-driven winds;
M˙W ≈ M˙⋆
(
ξǫ10−2c2
V 2∞
)
≈ M˙⋆ξ0.1ǫ3
(
300 km s−1
V∞
)2
. (35)
For fiducial numbers this estimate is similar to our estimate of
the mass loss rate in momentum driven winds (eq. 13). How-
ever, eqs. (35) and (13) differ in two important ways. First,
6if the supernova energy is efficiently radiated away (ξ ≪ 1),
equation (35) predicts a mass loss rate much less than equation
(13). Second, momentum-driven winds yield the scaling M˙W ∝
M˙⋆/V∞, whereas energy-driven winds predict M˙W ∝ M˙⋆/V 2∞.
This difference in scaling may be observationally testable.
We estimate the energy injection required to unbind the gas
in a galaxy by requiring that E˙SNτDyn & EBind, where EBind =
GMMg/r and τDyn ∼ r/σ. This yields E˙SN & 4 fgσ5/G. Rewrit-
ing this in terms of the corresponding starburst luminosity gives
LE ∼ 100
ξ
4 fg
G
σ5
∼ 2× 1046 erg s−1 fg 0.1 ξ−10.1σ5200, (36)
where the subscript “E” stands for “energy-driven,” in contrast
to LM (eq. 15). Equation (36) is a criterion to “blow away” all of
the gas of the galaxy (following the nomenclature of De Young
& Heckman 1994). In a disk galaxy, supernovae may “blow
out” in the direction perpendicular to the disk (even for LSB less
than LE), but in this case very little of the gas mass of the galaxy
will be affected (e.g., De Young & Heckman 1994). In fact, the
numerical simulations of MacLow & Ferrara (1999) and Strick-
land & Stevens (2000) find that supernova energy thermalized
in the ISM can be efficiently vented when the remnants break
out of the galactic disk. However, very little of the mass in the
galaxy is actually blown away.
3.1. Entrainment
A hot wind can in principle sweep up and entrain embedded
clouds of cold gas, driving them out of the galaxy by ram pres-
sure. The cold gas may also be shock heated and evaporated by
the hot flow. The energy-driven limit considered in the previ-
ous subsection is appropriate when most of the cold gas is shock
heated and incorporated into the hot flow (and radiative losses
are small). In the opposite limit, in which the cold gas retains
its identity, the dynamics of the cold gas is analogous to that of
a momentum-driven wind because it is pushed out by the ram
pressure of the hot gas. In the Appendix we show this explicitly
by demonstrating that the ram pressure and radiation pressure
forces on cold clouds are typically comparable (eq. [A1]). We
also derive both the optically thin (eq. [28]) and optically thick
(eq. [15]) Eddington luminosities discussed in §2.2 using ram
pressure as the acceleration mechanism (rather than radiation
pressure); see, in particular, equations (A4) and (A7).
Distinguishing which of these two mechanisms actually
dominates the acceleration of cold gas is an important but dif-
ficult problem. It is, in particular, unclear whether embedded
clouds can actually survive entrainment in a hot flow. Calcula-
tions show that the clouds are typically destroyed in a few cloud
crossing times (e.g., Klein, McKee, & Colella 1994; Polud-
nenko, Frank, & Blackman 2002), though considerable cloud
material can be accelerated to high velocity in the process. In
the Appendix we focus on the acceleration of cloud material
to highlight the analogy between ram pressure and radiation
pressure driving of cold gas, but the acceleration, ablation, and
destruction of the clouds likely go hand in hand.
3.2. Comparing Momentum-Driven &
Energy-Driven Winds
Equation (36) defines the starburst luminosity above which
energy injection by supernovae is sufficient to unbind all of
the gas in the galaxy. Comparing this limiting luminosity with
the corresponding expression for momentum-driven winds (LM;
eq. [15]), we see that LM ∼ LE at a critical velocity dispersion
σcrit =
ξ
100 c∼ 300 km s
−1ξ0.1. (37)
For σ < σcrit, LE < LM and one might expect energy deposition
via supernovae to dominate feedback on the ISM. By contrast,
for σ > σcrit, LM < LE and momentum deposition dominates
and is sufficient to blow all of the gas out of the galaxy (this
is true regardless of whether the primary source of momentum
deposition is radiation pressure or supernovae). Note that be-
cause of the many simplifications made in deriving LM and LE,
the actual value for σcrit is only accurate to order of magnitude;
it is also very sensitive to assumptions about the efficiency with
which supernova energy is thermalized in the ISM. In §4 we
show that dwarf starbursting galaxies violate equation (36) by
several orders of magnitude. This suggests that in practice σcrit
is quite small, significantly smaller than the nominal value in
equation (37).
The scale σcrit sets a lower bound on the range of σ over
which the luminosity limit LM is applicable. There is also an
upper bound. In eqs. (22) and (23) we estimated (very crudely)
the maximum star formation rate and luminosity attainable in a
starburst and the σmax above which a system cannot generate a
luminosity ∼ LM.
Figure 1 illustrates these bounds and the limiting luminosi-
ties schematically. The two limiting luminosities (LE ∝ σ5
and LM ∝ σ4) as well as the maximum attainable luminosity
(Lmax ∝ σ3 eq. [22]) are sketched as a function of σ. The limit
LM is applicable in the region σcrit < σ < σmax. For reference,
the Faber-Jackson relation for elliptical galaxies and bulges is
also sketched. It has a lower “zero-point” than LM, but the same
dependence on σ, LFJ ∝ σ4. We discuss this correlation and its
relation to LM in detail in the next section but note here that
deviations from the FJ relation are possible for σ < σcrit and
σ > σmax.
4. STARBURST GALAXIES & THE FABER-JACKSON
RELATION
In this section we apply the idea of “Eddington limited” star
formation to star forming galaxies at high redshift. The basic
scenario is as follows. The luminosity of a nuclear starburst in-
creases as it forms stars. When the luminosity increases to LM
(eq. [15]) the starburst drives gas out of the galactic potential
and regulates its luminosity to ≈ LM (a similar idea has been
proposed by Elmegreen 1983 and Scoville et al. 2001 for what
determines the mass and luminosity of individual star clusters;
Scoville 2003 discussed a limit directly analogous to our opti-
cally thin limit LEdd, eq. [25]). We argue that this self-regulation
determines the total number of stars formed in a given dark mat-
ter potential well. First, we describe observations showing that
star formation rates sufficient to produce L ≈ LM do occur in
star forming galaxies at both high and low redshifts. Then we
show that if all early type galaxies went through such a star for-
mation episode at z & 1, self-regulation at≈ LM can explain the
Faber-Jackson relation.
74.1. The Maximum Luminosity LM(σ): Observations
Figure 2 shows the luminosity as a function of the veloc-
ity dispersion for a sample of high star formation rate galaxies
drawn from the literature. We also plot the expression for LM
(eq. [15]) for three values of the gas fraction fg = 1, 0.1, and
0.01. These different curves should be taken to include both
plausible variations in the gas fraction (which changes in time),
as well as uncertainty in the value of LM. The latter arises be-
cause the total momentum deposition rate may be somewhat
larger than just L/c since contributions from supernovae, stel-
lar winds, and starburst photons are all comparable. In addition,
photons may be absorbed several times as they exit the starburst
region and the galaxy.
In collecting the data in Figure 2, we attempted to find rep-
resentative examples of the highest star formation rate galaxies
at a variety of σ (see Tables 1 and 2 for details). This includes
dwarf galaxies (Mateo 1998; Martin 1998), LBGs at z≈ 2 (Erb
et al. 2003) and z ≈ 3 (Pettini et al. 2001), ULIRGs locally
(Genzel et al. 2001) and at high redshift (Neri et al. 2003;
Genzel et al. 2003; Tecza et al. 2004), galaxies from the CFRS
survey at z≈ 0.6 (Lilly et al. 1996; Mállen-Ornelas et al. 1999),
and a sample of local starbursts (Heckman et al. 2000). For the
local starbursts we chose a sample of systems that clearly show
evidence for outflowing cold gas. Even though many systems
fall significantly below the LM curve, radiation pressure is suf-
ficient to generate an outflow of cold gas comparable to what
is observed because the radiation pressure force on individual
gas clouds can exceed gravity even if L≪ LM (since the latter
criteria refers to blowing out all of the gas in the galaxy). We
will discuss this in more detail in a future paper.
The data in Figure 2 are necessarily heterogeneous, and there
are uncertainties in both luminosities and velocity dispersions,
but this compilation illustrates several important points. First,
the simple momentum driving limit given by equation (15) does
provide a reasonable upper limit to the luminosity of observed
starbursting systems. The fact that some systems fall below
this limit is, of course, no surprise. They might simply not have
star formation rates sufficient to reach LM, or they might be ob-
served somewhat after the peak star formation episode (which
is, after all, where systems spend most of their time; see Fig. 3).
It is also worth stressing that the upper envelope to the ob-
served luminosity as a function of σ is incompatible with the
simple limit based on energy feedback from supernovae, which
predicts LE ∝ σ5 (§3; eq. [36]). In particular, the low σ systems
in Figure 2 have luminosities well in excess of the energy limit
given in equation (36). This implies that either the efficiency
of transferring supernova energy to the ISM is very low (e.g.,
ξ ∼ 10−2) or else supernovae do not globally halt star forma-
tion by ejecting most of the gas (e.g., because the supernovae
“blow out” of the galactic plane; de Young & Heckman 1994).
In either interpretation, this argues for σcrit . 20 km s−1 (see
Fig. 1), in which case momentum injection may dominate the
global mass loss in many starbursting systems.
For the purposes of this paper, perhaps the most interesting
feature of Figure 2 is that starbursting galaxies at high redshift
have luminosities reasonably close to LM. This includes both
LBGs, ULIRGs, and galaxies drawn from the CFRS redshift
survey of Lilly et al. (1996). We suggest that this is not a co-
incidence, but is instead evidence that star formation at high
redshifts self-regulates; when the starburst reaches a luminosity
∼ LM, the galaxy drives a powerful wind that limits the avail-
able gas supply and thus the star formation rate. This feedback
mechanism regulates the luminosity of the starburst and ulti-
mately helps set the stellar mass of the galaxy.
The z & 1 galaxies shown in Figure 2 are representative of
systems that have been used to study the star formation history
of the universe (e.g., Madau et al. 1996; Steidel et al. 1999).
It is known that integrating the inferred star formation history
over redshift can account reasonably well for the total stellar
mass density observed at z = 0 (Madau et al. 1998). The fact
that many of the individual systems that comprise the ‘Madau’
plot have L ∼ LM thus suggests that a significant fraction of
the stellar mass in the universe has been built up through star-
bursts that self-regulate by momentum-driven galactic winds.
We show in the next section that if this hypothesis is correct, it
can account for the Faber-Jackson relation.
A direct test of our hypothesis is that rapidly star forming
galaxies at high redshift should drive powerful galactic winds.
Powerful winds are seen in LBGs (e.g., Pettini et al. 2000;
Adelberger et al. 2003). It is, however, difficult to isolate
the physical mechanism responsible for driving such outflows.
One prediction of the momentum-driven wind model is that ob-
served outflows should have a momentum flux M˙WV∞ com-
parable to that of the starburst, L/c. This can be rewritten as
(eq. [13]) M˙W ≈ M˙⋆(cǫ/V∞). This prediction is difficult to test
because it is hard to reliably measure the mass outflow rate M˙W.
The best case so far at high redshift is probably the gravita-
tionally lensed LBG MS 1512-cB58. Pettini et al. (2000) es-
timate a mass loss rate of ≈ 60 M⊙ yr−1 and an outflow ve-
locity of V∞ ≈ 200 km s−1. The inferred star formation rate is
M˙⋆ ≈ 40 M⊙ yr−1, suggesting a close correspondence between
the momentum input from stars and that in the outflow.
4.2. The Faber-Jackson Relation
The Faber-Jackson (FJ) relation connects the luminosity of
the bulge or spheroidal component of a galaxy with its velocity
dispersion (Faber & Jackson 1976; for a review, see Burstein et
al. 1997). Bernardi et al. (2003) (their Fig. 4) give the FJ rela-
tion derived from about 9,000 early-type galaxies in the Sloan
Digital Sky Survey. In the i-band, their results imply
νLν,i ≃ 2× 1044 erg s−1 σ3.95200 (38)
over the range σ ≈ 100 − 300 km s−1. The slope of the FJ rela-
tion is nearly identical in all of the Sloan bands, while the nor-
malization decreases slightly (by a factor of ≈ 2) at the shortest
wavelengths (the g band). In a separate analysis Pahre et al.
(1998) give the FJ relation in the near-infrared (K-band), find-
ing νLν,K ≃ 3×1043 erg s−1 σ4.1200. Thus the slope of the FJ rela-
tion is essentially independent of wavelength while the change
in its normalization with wavelength is consistent with the spec-
trum of an old stellar population. That is, if one plots the nor-
malization of the FJ relation as a function of wavelength, the
resulting “spectrum” is very similar to that produced by a ∼ 10
Gyr old instantaneous starburst.11
Our expression for the limiting starburst luminosity is given
in eqs. (15) and (18). This luminosity corresponds to that dur-
ing the starburst, whereas equation (38) is a statement about
11 Such an exercise is only possible because the slope of FJ is independent of σ so one can meaningfully construct a “spectrum.” In particular, it is not possible to
carry out the same procedure for disk galaxies because the slope of the Tully-Fisher relation increases with increasing wavelength (Binney & Merrifield 1998).
8L and σ now. If, as we have argued above, most (all) early
type galaxies went through a significant starburst phase during
which their luminosities reached – but did not exceed – our lim-
iting luminosity, we can determine the properties of the stellar
population now by “fading” the starburst with time.
Figure 3 shows the luminosity of a starburst as a function
of time in the models of Bruzual & Charlot (2003). Starbursts
of five durations are shown: instantaneous, 10 Myr, 30 Myr,
100 Myr, and 300 Myr (with constant star formation rates and a
Salpeter IMF between 0.1−100 M⊙). The ratio of the peak star-
burst luminosity to the luminosity now (t ∼ 1010 yr) determines
how much the stellar population fades with time and allows us
to connect the maximum starburst luminosity to the currently
observed FJ relation. For the models shown in Figure 3 the
starburst fades by a factor of 2500, 1500, 800, 250, and 100
over ≈ 1010 yrs. These results can be understood analytically
by noting that, for a Salpeter IMF and a stellar mass-luminosity
relation of the form L∝Mβ , the late-time luminosity of a star-
burst is given by
L(t)∼ 3LSB
(
τSB
τmax
)(
t
τmax
)
−
β−1.35
β−1
(39)
where τmax ≈ 3 Myrs is the lifetime of the most massive stars,
τSB (assumed > τmax) is the duration of the starburst, and LSB
is the peak luminosity of the starburst; the factor of “3” has
been included based on comparison to numerical calculations.
The dependence on τSB/τmax seen in Figure 3 and equation (39)
arises because the late-time luminosity is determined by total
number of low-mass stars made during the burst, while the peak
starburst luminosity (LSB) depends only on the instantaneous
number of massive stars present in the starburst. For β ≈ 4 − 5,
equation (39) predicts L(t)∝ t−0.9, in reasonable agreement with
Figure 3 at late times.
Comparing the observed FJ relation with the maximum star-
burst luminosity in equation (15) shows that if the starburst
fades by a factor of ≈ 100 − 200 from z ∼ few to now, then
we can account for both the normalization and slope of the FJ
relation as being due to feedback during the formation of ellip-
ticals at high redshift. This in turn requires that most of the stars
in a galaxy were formed over a period of τSB ∼ 100 − 300 Myrs
(Fig. 3).12 This number is plausible on a number of grounds. It
is comparable to the inferred star formation timescales in LBGs
(e.g., Shapley et al. 2001) and ULIRGs (e.g., Genzel et al.
2004). It is also comparable to the dynamical timescale τDDyn
of gas on galactic scales. This is relevant because this dynam-
ical timescale roughly determines the duration of starbursts in
numerical simulations of merging galaxies (Mihos & Hernquist
1996).
The scatter in the FJ relation is observed to be a factor of≈ 2
in L at a given σ (Bernardi et al. 2003). In our model, this scat-
ter is primarily due to differences in the time since, and dura-
tion of, the star formation episode that built up most of the mass
of the galaxy. Since most early type galaxies likely formed at
z∼ 1−3, and the time difference between these redshifts is only
a factor of ≈ 1.5, the scatter produced in the observed FJ by
different “formation redshifts” is quite mild (since L ∼ t−1; see
Figure 3). By contrast, the amount by which a starburst fades
is directly proportional to its duration τSB (see eq. [39]), which
might a priori be expected to vary significantly from system to
system. It is unclear what would cause such a narrow range in
τSB. It is, however, encouraging that the dynamical timescale
at ∼ RD is independent of the mass (σ) of a galaxy (eq. [8]),
suggesting that to first order the duration of a merger-induced
starburst might be similar in different systems.13 It is also pos-
sible, as we discuss in the next section, that a central AGN is
responsible for terminating the star formation in its host galaxy.
5. ACTIVE GALACTIC NUCLEI & THE mbh −σ RELATION
Early-type galaxies and bulges are inferred to have cen-
tral supermassive black holes, whose masses correlate well
with the velocity dispersion of the galaxy itself: MBH = 1.5×
108σ4200 M⊙ (Tremaine et al. 2002). This correlation is remark-
ably similar to the FJ relation.
In §2.2 we considered the general properties of galactic
winds driven by momentum deposition. We then focused on ra-
diation from starbursts as providing this source of momentum.
However, star formation is unlikely to efficiently remove gas
from very small scales in galactic nuclei (scales much smaller
than that of a nuclear starburst). This gas is available to fuel a
central AGN.
We consider a central BH with a luminosity LBH. The opti-
cally thin Eddington luminosity for the BH is (eq. [25])
LEdd =
4πGMBHc
κes
= 1.3× 1046 erg s−1 M8, (40)
where M8 = MBH/108M⊙ and κes = 0.38 cm2/g is the electron
scattering opacity. Note that the electron scattering opacity is
appropriate close to the BH, at least out to the dust sublimation
radius. The latter can be estimated by equating the absorbed
flux with the radiated flux from dust grains:
RSub =
√
LBH
4πσSBT 4Sub
∼ 3× 1018L1/246
(
1200 K
TSub
)2
cm, (41)
where L46 = LBH/1046 erg s−1, σSB is the Stefan-Boltzman con-
stant, and the dust sublimation temperature is TSub ≈ 1200 K.
The ratio Γ≡ LBH/LEdd is estimated to be∼ 0.1 − 1 for lumi-
nous AGN at high redshift (e.g., Vestergaard 2004). If the hole
radiates with an efficiency η ≈ 0.1, the mass accretion rate is
M˙BH = LBH/(ηc2). Combining M˙BH and LEdd gives the timescale
for LBH (and MBH) to double, the Salpeter timescale,
τSalp =
ηcκes
Γ4πG
∼ 43 Myrs Γ−1. (42)
The region exterior to the sublimation radius contains dust and
can be optically thick to the UV photons of the AGN even if
the AGN is sub-Eddington in the electron scattering sense (eq.
[40]). This is simply because the dust opacity is much larger
than the electron scattering opacity. Thus, by arguments analo-
gous to those given in §2.2 and §4, if the luminosity of the black
12 The timescale τSB refers to the net timescale over which stars form at a luminosity ∼ LM. It could in principle be that many starbursts of shorter duration
cumulatively last for ∼ τSB.
13 In numerical simulations of mergers, the duration of a starburst depends on the details of the orbit and the internal dynamics of the merger constituents (e.g., the
bulge to disk ratio; see Mihos & Hernquist 1996). Variations in these properties from merger to merger will introduce scatter into τSB and thus the observed FJ
relation.
9hole exceeds LM (eq. [15]), it drives an outflow. This outflow
drives away gas outside of RSub, irrespective of whether or not
the AGN is super-Eddington on small scales close to the BH.
Using LBH = ΓLEdd the criterion LBH ≈ LM can be written in
terms of the black hole mass as
MBH ≈ fgκes
πG2Γ
σ4 ≈ 2× 108 M⊙ fg 0.1Γ−1σ4200. (43)
If the black hole mass exceeds the limit in equation (43), then
it drives a large-scale galactic outflow. Only when MBH reaches
the critical mass in equation (43) will it be able to blow dusty
gas all the way out of the galaxy. This shuts off the gas supply
to the black hole on a dynamical timescale and fixes the mass to
be that in equation (43), in good agreement with the observed
MBH −σ relation. It should be noted that the dust-free gas within
RSub need not be blown out by the BH. The total mass contained
within this region is, however, a small fraction (∼ few %) of the
BH mass (eq. [43]), so accretion of this gas does not modify the
MBH −σ relation.
Although the context is somewhat different, equation (43) is
identical to the MBH −σ relation derived by King (2003) and it
is similar to those obtained using other ‘feedback’ arguments
for the MBH − σ relation (e.g., Silk & Rees 1998; Haehnelt et
al. 1998; Blandford 1999; Fabian 1999; Fabian et al. 2002).
Specifically, King assumed that a radiation pressure driven out-
flow launched from close to the BH sweeps out of the galaxy,
driving all of the gas away. We argue that the outflow is primar-
ily due to absorption of the BHs luminosity by dust outside of
RSub, independent of whether or not the AGN drives an outflow
from small radii≪ RSub.
An interesting feature of our model – or, more generally, of
observations of AGN and starbursts – is the apparent coinci-
dence that the Salpeter time that governs the growth of the BH
is comparable to the duration of the star formation epoch (see
§4 for a discussion of the latter). Were the Salpeter time much
shorter, the BH would grow rapidly and its outflows could sig-
nificantly disrupt star formation before sufficient stars formed
to lie on the FJ relation. As is, we suggest that both the star
formation and BH growth are independently self-regulating,
reaching the maximum luminosity ∼ LM (eq. [15]). However,
as explained in the previous section, it is unclear what deter-
mines the duration of the star formation epoch. This may be
determined by mergers, but it is also possible that the ‘coinci-
dence’ between τSalp and τSB is no coincidence at all: when the
BH reaches the mass given in equation (43) it drives an out-
flow that sweeps out from the galactic nucleus, terminating star
formation in its host galaxy (e.g., Silk & Rees 1998; Fabian
1999). This possibility is interesting because the Salpeter time
is likely to be similar in different systems, which could explain
the narrow range of τSB required to understand the FJ relation.
The above discussion assumes that BHs reach, but do not sig-
nificantly exceed, the luminosity LM. In Figure 4 we test this
prediction using data compiled by Boroson (2003) and Shields
et al. (2003). Both papers estimate the velocity dispersion of
galaxies hosting quasars using the width of the narrow OIII line
(see Nelson 2000). The bolometric luminosity is estimated us-
ing L≈ 9νLν (5100), the average bolometric correction used by
Kaspi et al. (2000). There is evidence that the width of the OIII
line can sometimes exceed the velocity dispersion of the galaxy
in radio-loud AGN (Nelson & Whittle 1996); these systems are
indicated by open symbols in Figure 4.
Figure 4 shows that the limit LM accounts for the maximum
quasar luminosity at any σ, in good agreement with the predic-
tions of feedback models for the MBH −σ relation. That some
systems lie below LM is not surprising because most BHs spend
most of their time accreting at sub-Eddington rates; note also
that Boroson’s sample from SDSS contains only quasars with
z . 0.5 and thus systematically lacks high redshift, high lumi-
nosity quasars.
6. DISCUSSION
6.1. Galactic Winds
In this paper, we have investigated large-scale galactic winds
driven by momentum deposition, in contrast to the usual as-
sumption that energy deposition (thermal heating) by core-
collapse supernovae drives these outflows. The efficiency of
energy-driven outflows is uncertain because much of the en-
ergy deposited by supernovae in the ISM may be radiated away.
Even in this limit, momentum injection by supernovae is im-
portant and can itself generate a powerful outflow. Supernovae
contribute to ‘momentum-driving’ in a second way: the dynam-
ics of cold gas entrained in a hot flow is analogous to that of a
momentum-driven wind (see §3.1 and the Appendix). Note that
these mechanisms are physically distinct. The latter (ram pres-
sure driving of cold gas) requires a powerful hot wind, while
the former operates even if the supernovae energy is radiated
away.
In addition to supernovae, momentum injection is provided
by continuum absorption and scattering of radiation on dust
grains (radiation pressure); such radiation can be produced by
either a starburst or a central AGN (or both) and is an efficient
mechanism for driving cold, dusty gas out of a galaxy. Inter-
estingly, the forces due to radiation pressure and ram pressure
(entrainment) may be comparable in many cases (see eq. [A1]).
Distinguishing which mechanism dominates is non-trivial. One
way may be to assess the mass loss rate in hot gas via X-ray
observations (see, however, Strickland & Stevens 2000 who ar-
gue that such observations don’t necessarily probe the energy-
containing phase of the hot wind).
Although uncertain, we suggest that momentum injection
may be more effective at halting star formation and ‘blowing
away’ the gas in a galaxy than energy injection. For example,
supernovae energy can be efficiently vented by ‘blowing out’ of
the galactic disk, even if little of the mass is lost (De Young &
Heckman 1994). By contrast, the momentum of supernova ex-
plosions cannot be similarly vented and thus may be more dis-
ruptive to the bulk of the gas in a galaxy. In addition, because
the mass of a galaxy is primarily in the cold phase, radiation
pressure and ram pressure driving of cold gas may dominate
the mass loss in starbursting galaxies (even in the presence of a
hot thermal wind).
Momentum-driven winds have several properties that may al-
low them to be distinguished from energy-driven winds (§2.2).
Specifically, (1) the momentum flux in the outflow, M˙WV∞, is
comparable to that in the radiation field, L/c (eq. [12]) and (2)
the terminal velocity of the outflow should be comparable to
the velocity dispersion of the host galaxy, V∞ ∼ σ (eqs. [17]
& [26]). Note that these predictions apply to outflowing cold
gas driven by momentum-deposition. The hot thermally-driven
phase of a galactic wind satisfies different scalings (see §3).
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The simple predictions above for mass loss rates and termi-
nal velocities could be readily incorporated into cosmological
simulations to assess the global impact of momentum-driven
galactic winds (as in the work of Aguirre et al. 2001a). One
interesting possibility is that because the energy carried by a
momentum-driven wind may be smaller than that of a thermal
supernovae-driven wind14, momentum-driven winds may pol-
lute the intergalactic medium with metals without significantly
modifying its structure from that predicted by the gravitational
instability paradigm.
6.2. The Growth of Ellipticals and Black Holes
In addition to considering the general properties of
momentum-driven galactic winds, we have derived a limit-
ing luminosity, LM ≃ (4 fgc/G)σ4, above which momentum-
deposition is sufficient to drive away a significant fraction of
the gas in a galaxy (eq. [15]; King 2003 derived a similar re-
sult in the context of black hole growth; Meurer et al. 1997
and Lehnert & Heckman 1999 discuss a potentially related ob-
servational limit on the surface brightness of local and high-z
starburst galaxies). This outflow may regulate star formation
during the formation of ellipticals at high redshift by limiting
the gas available for star formation, ensuring that the luminos-
ity never significantly exceeds LM. The fact that massive star-
bursts have luminosities near LM (Fig. 2; §4) and that starbursts
at z & 1 account for a significant fraction of the local stellar in-
ventory (e.g., Madau et al. 1998) supports a model in which,
during the hierarchical growth of galaxies, mergers trigger in-
tense starbursts (L∼ LM) that form a significant fraction of the
stars in early-type galaxies.
We have focused on the growth of elliptical galaxies, rather
than spirals, because there is evidence that star formation in spi-
rals is reasonably quiescent (e.g., Kennicutt et al. 1994) and it
is thus unlikely that a significant fraction of the mass in spi-
ral galaxies was formed during ‘bursts’ that reached our limit-
ing luminosity LM. By contrast, ellipticals are inferred to have
formed most of their stars relatively quickly at high redshift
& 1 − 3 (e.g., Van Dokkum et al. 2004).
Our hypothesis that proto-elliptical galaxies at high redshift
go through an extended period of star formation with L∼ LM ∝
σ4 can explain the Faber-Jackson relation between the current
luminosity and velocity dispersion of elliptical galaxies (§4.2).
Specifically, our model explains quantitatively why ellipticals
do not have L∝MDM ∝ σ3 (where MDM is the total mass of the
dark matter halo), as would be expected if a fixed fraction of
the available gas were converted into stars. Our model also ex-
plains why elliptical galaxies do not have L∝ σ5, which would
be expected if energy-deposition from supernovae dominated
feedback (Fig. 1). Since the luminosity of a starburst is dom-
inated by the rate at which high mass stars are being formed,
while the current luminosity of ellipticals (reflected in FJ) de-
pends on the total number of low-mass stars in the galaxy, our
interpretation of FJ requires that the duration of peak star for-
mation activity was relatively similar in different galaxies (so
that both the peak star formation rate and the total number of
stars formed are similar).15 By comparing the limiting luminos-
ity LM with the current Faber-Jackson relation, we infer a star
formation duration of ∼ 100 − 300 Myrs (§4.2). This is in rea-
sonable agreement with observational inferences in LBGs (e.g.,
Shapley et al. 2001) and ULIRGs (e.g., Genzel et al. 2004).
Our model for the origin of the FJ relation does not fully
explain why ellipticals lie in the fundamental plane. Roughly
speaking the fundamental plane can be understood via two pro-
jections: L ∝ σ4 (the FJ relation) and Reff ∝ σ8/3, where Reff is
the effective radius (Bernardi et al. 2003). The latter relation is
very different from any virial prediction, which would suggest
Reff ∝ σ, and its origin, whether a consequence of gas physics
or collisionless mergers of stellar systems in unknown.
Unlike ellipticals, the optical Tully-Fisher relation in spirals
is reasonably consistent with L∝ v3c (where vc is the maximum
circular velocity; e.g., Giovanelli et al. 1997). This is probably
a consequence of the more quiescent star formation histories
of spirals (Kennicutt et al. 1994) so that ‘feedback’ is less se-
vere and the luminosity of a galaxy is simply proportional to its
mass. However, the slope of the TF relation varies systemati-
cally with wavelength and in the IR, L∝ v4c (e.g., Pierini & Tuffs
1999), consistent with the FJ scaling for ellipticals. This is very
intriguing and might suggest that the oldest stars in spirals were
formed in bursts analogous to those that formed ellipticals.
6.2.1. Black Holes
In addition to considering the self-regulated growth of ellip-
tical galaxies via starbursts, we propose that the growth of black
holes in early type galaxies proceeds in a similar manner. As
a black hole grows via accretion, its luminosity may eventu-
ally exceed ∼ LM. When it does so, the dusty gas around the
black hole (outside the sublimation radius; eq. [41]) is blown
away by radiation pressure. The black hole thus shuts off its
own fuel supply. This fixes the BH mass to lie very close to
the observationally inferred MBH −σ relation (see eq. [43]). If
star formation in the host galaxy is still ongoing when the BH
reaches∼ LM, the outflow from the galactic nucleus may sweep
through the galaxy, terminating star formation. This possibility
is interesting because it may explain the apparent coincidence
that the Salpeter time characterizing the growth of black holes
(eq. [42]) is similar to the inferred duration of star formation in
high redshift starbursts (see §4 and §5).
Previous discussions of the interaction between a central
black hole and its surrounding galaxy have also emphasized
how the central black hole can regulate its own fuel supply by
driving away ambient gas (e.g., Silk & Rees 1998; Haehnelt
et al. 1998; Blandford 1999; Fabian 1999; King 2003). All
such models are broadly similar (ours included), though they
differ in detail as to whether energy deposition or momentum
deposition is the most important feedback mechanism. How-
ever, implicit in previous discussions of the MBH − σ relation
is that the stars in the galaxy “know” when the hole is about
to reach the limiting mass at which it can blow away the sur-
rounding gas. Otherwise it is unclear how the right number of
stars are formed so that the galaxy lies on the FJ relation. One
explanation for this is to hypothesize that the stars form as the
gas is being blown out by the AGN, i.e., in one dynamical time
(e.g., King 2003). Observationally, however, this is not the case
in either LBGs or ULIRGs, where the star formation lasts for
14 The energy carried by a momentum-driven wind is ∼V∞L/c ∼ σL/c while that in a thermal supernovae-driven wind is ∼ 10−2ξL.
15 Note that this will be a requirement for any model that tries to explain the FJ relation as a result of feedback during starbursts because ‘feedback’ (generically
defined) is sensitive to the star formation rate, rather than the total number of stars formed.
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100s of Myrs. Instead, we argue that the AGN’s role may be
sub-dominant: feedback from stars determines the maximal lu-
minosity of a starburst, whether or not there is an AGN present.
It is, however, possible that the AGN administers the coup de
graˆce, terminating star formation.
In our interpretation, the peak episode of star formation likely
precedes that of AGN activity in most galaxies. There are two
reasons for this. First, gas is transported from the outside in.
Therefore, star formation on galactic scales sets in before the
central BH is fed. Second, if the BH were to grow and reach
the MBH − σ relation before significant star formation has oc-
curred, it will blow out the ambient gas in the galaxy before the
FJ relation is set. If the galaxy were to later accrete gas – from
the IGM or via a merger – because the BH is already on MBH −σ
relation even a small amount of accretion onto the BH would be
sufficient to again disrupt star formation. There is some obser-
vational support for this temporal ordering. First, the number
density of bright quasars declines more rapidly at high z than
the number density of star forming galaxies (compare Fan et
al. 2004 and Heavens et al. 2004). Second, although some
rapidly star-forming SCUBA sources at high z are inferred to
host quasars, in many cases there is X-ray evidence for more
modest AGN with L∼ 1043 −1044 ergs s−1 (e.g., Alexander et al.
2003). Since many of the observed systems are Compton thin,
it is unlikely that a quasar-like luminosity is hidden by obscu-
ration. Given the inferred σ ∼ 200 − 300km s−1 in the SCUBA
sources (§4 and Table 1), BHs on the MBH − σ relation would
have M ∼ 108 − 109M⊙. To explain the observed luminosities
would then require substantially sub-Eddington accretion rates.
While possible, this would be surprising in view of the large
available gas supply. It is perhaps more plausible that the BH is
still growing and has not yet reached the MBH −σ relation (e.g.,
Archibald et al. 2002).
Our model makes the very strong prediction that the peak lu-
minosity of star formation and AGN activity in a given galaxy
are essentially the same (∼ LM), set by the criterion that a
momentum-driven outflow blows away gas that would other-
wise be available for star formation/accretion. Figures 2 and 4
provide observational evidence that is consistent with this pre-
diction. We note, however, that in order to reach a luminosity
∼ LM, a galaxy with σ = 200σ200 km s−1 must have a star for-
mation rate of≈ 500σ4200 M⊙ yr−1 (eq. [19]), while a black hole
must accrete gas at ≈ 5σ4200 M⊙ yr−1. Moreover, if the most
luminous observed AGN (L ∼ 1048 ergs s−1, see Fig. 4) are
Eddington-limited and lie on the MBH − σ relation, then their
host galaxies must have σ ∼ 500km s−1. If such galaxies in-
deed exist and if star formation is to reach a luminosity ∼ LM,
then the required star formation rate is ∼ 104 M⊙ yr−1! Such a
starburst has never been observed, but would of course be ex-
tremely rare. It is unclear whether such a star formation rate
can actually be achieved and sustained. If not, then we predict
deviations from FJ for the largest ellipticals (σ > σmax; see Fig.
1).
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APPENDIX
ENERGY-DRIVEN GALACTIC WINDS: ENTRAINMENT
In this Appendix, we consider entrainment in two limits: (1) entrainment of individual clouds (the “optically thin” limit) and (2)
entrainment of shells of gas (the “optically thick” limit, appropriate when the cold gas occupies a large fraction of 4π sr on the sky
and thus intercepts much of the momentum flux in the hot flow). We show that in both limits the dynamics of cold gas entrained in a
hot flow is analogous to that of the momentum-driven winds considered in §2.2.
Entrainment: The ‘Optically Thin’ Limit
We first consider the entrainment of individual clouds of cold gas; the clouds have projected area Ac, density ρc, and mass
Mc = (4π/3)ρcR3c = (4/3)AcRcρc. The hot wind has a density ρh = M˙h/(4πr2Vh), a mass loss rate M˙h, and a velocity Vh.16 The ram
pressure force on a cold cloud is ρhV 2h Ac. Comparing this to the radiation pressure force on the cloud (assuming it is optically thick
to radiation) yields
Fram
Frad
=
ρhV 2h Ac
(L/c)(Ac/4πr2) =
(
M˙h
M˙⋆
)(
Vh
300 ǫ3 km s−1
)
≈
(
600ξ0.1 km s−1
Vh
)
, (A1)
where Ac/(4πr2) is the fraction of photons intercepted by the cloud and in the last equality we used E˙SN = 12 M˙hV 2h = 10−2ξL. Equation
(A1) shows that ram pressure and radiation pressure can contribute comparably to the driving of cold gas, so long as M˙h ∼ M˙⋆.
Shocked supernova ejecta contribute a total mass loss of ∼ 0.1M˙⋆ in the absence of radiative cooling. It is, however, plausible that
considerable swept up mass is also shock heated, leading to M˙h ∼ M˙⋆ (see, e.g., Martin 1999 for evidence to this effect in local
starbursts). Note that Vh ∼ 300 − 600km s−1 is consistent with the observed temperature of hot outflowing gas in local starbursts (e.g.,
Martin 1999).
In the limit that ram pressure dominates the driving of cold gas, we can derive the velocity of the cloud as a function of distance
from the galaxy by analogy with the optically thin radiation pressure limit considered in §2.2 (since Fram = ρhV 2h Ac∝ r−2, the optically
thin limit, rather than the optically thick limit, is the appropriate analogy). The velocity profile is given by
V (r) =
√
V 2c
(
1 − R0
r
)
− 4σ2 ln(r/R0), (A2)
16 In this section, we use the subscript ‘h’ for ‘hot’ – rather than than our previous subscript ‘W’ for ‘wind’ – to emphasize that these mass loss rates and velocities
refer to that of the hot flow.
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where R0 is the initial ‘launching’ radius and
V 2c =
3M˙hVh
8πρcRcR0
. (A3)
The velocity Vc is the characteristic velocity the cloud reaches before it begins to decelerate in the extended gravitational potential of
the galaxy. Note that equation (A3) is only appropriate for Vc <Vh; if equation (A3) predicts Vc >Vh, the actual maximal velocity is
Vh since ram pressure ceases to accelerate the cloud above this velocity.
In order for the cloud to move to a radius significantly larger than its starting position at ∼ R0, we require Vc & 2σ. Using
ρcRc = mpNH , this requirement can be rewritten as
M˙h &
32πσ2mpNH R0
3Vh
≈ 35M⊙yr−1σ2200 N21
(
R0
1kpc
)(
300km/s
Vh
)
(A4)
If M˙h is less than the value given in equation (A4), cold clouds cannot be pushed out of the nuclear region by the hot flow. This
criterion is analogous to the optically thin Eddington limit given in equation (28). Indeed, if M˙h ≈ M˙⋆, then Fram ≈ Frad (eq. [A1])
and so the two ‘Eddington-limits’ are essentially equivalent.
The cloud velocity Vc can be rewritten as
Vc
Vh
=
√
3M˙h
8πmpNHVhR0
(A5)
≈
[(
M˙h
10M⊙/yr
)(
1021 cm2
NH
)(
1kpc
R0
)(
300km/s
Vh
)]1/2
Equation (A5) implies that, for clouds of a given column NH , there is a critical mass loss rate ∼ 10 M⊙ yr−1 (in the hot phase)
below which ram pressure is insufficient to accelerate clouds of cold material to a velocity ∼Vh, i.e., to the velocity of the hot wind.
Assuming that M˙h ∼ M˙⋆, this can be equivalently interpreted as defining a critical star formation rate M˙c ∼ 10 M⊙ yr−1 such that
for M˙⋆ & M˙c, Vc ≈ Vh. However, if M˙⋆ . M˙c then Vc . Vh with Vc ∝
√
M˙⋆/[NHR0]. Note that the precise value of M˙c is uncertain
because it depends on the column NH and the launching radius R0.
Entrainment: The ‘Optically Thick’ Limit
If the cold gas covers a significant fraction of the sky, it will intercept most of the momentum flux in the hot flow. The ram pressure
force on the cold gas is then given by ρhv2h4πr2, rather than ρhv2hAc as considered in the previous section. We call this the ‘optically
thick’ limit. In this limit, the requirement to blow out all of the cold gas in the galaxy by ram pressure is that
ρhv
2
h4πr2 &
GMMg
r2
≈ 4 fgσ
4
G
, (A6)
where we assume that most of the mass Mg is in the cold phase. Equation (A6) can be rewritten as a requirement on the luminosity
of the starburst as follows: we rewrite ρh in terms of M˙h and then use E˙SN = 12 M˙hv
2
h = 10−2ξL to find
L & LentM ≡
4 fg c
G
σ4
(
Vh
600ξ0.1 km s−1
)
. (A7)
Equation (A7) is essentially the same as equation (15) – the criterion to blow away all of the gas via a momentum-driven wind. Note,
however, that the normalization in equation (A7) depends on ξ, the efficiency with which SN energy is thermalized in the ISM. For
our fiducial value of ξ ≈ 0.1, LentM ≈ LM, i.e., the limits set by ram pressure and radiation pressure driving are comparable. By contrast
if ξ ∼ 1 ram pressure dominates, while if ξ . 0.1, radiation pressure dominates.
FIG. 1.— Schematic diagram of the limiting starburst luminosity for momentum-driven galactic winds as a function of σ (LM ∝ σ4; eq. [15]; thick solid line).
The thin solid lines show the maximum attainable starburst luminosity determined by converting all of the available gas into stars on a dynamical time (Lmax ∝ σ3;
eq. [22]) and the limiting starburst luminosity for energy-driven galactic winds (LE ∝ σ5; eq. [15]). For σ < σcrit (eq. [37]), energy-driven winds dominate wind
driving and feedback because LE < LM. The value of σcrit depends sensitively on the fraction of the kinetic energy injected by SN that is radiated away (§3.2).
Because the starburst luminosity is bounded by Lmax, for σ > σmax (eq. [23]), the starburst cannot reach LM. In the intermediate region where σcrit < σ < σmax,
the starburst luminosity is bounded by LM and momentum-deposition dominates wind driving and feedback. As we argue in §4, this effect sets the Faber-Jackson
relation for elliptical galaxies. The FJ relation, LFJ ∝ σ4 is sketched here for comparison with the other luminosity limits (thick dashed line). It has a lower
"zero-point" than LM as a result of passive, post-starburst evolution of the stellar population. This schematic plot is to be compared with Fig. 2, which shows the
observed FJ relation and data from local and high redshift starburst galaxies. Figure 2 suggest that the limit LM – rather than LE – is relevant down to quite small
σ ∼ 20 km s−1.
FIG. 2.— The limiting luminosity for momentum-driven galactic winds (LM; eq. [15]) as a function of the velocity dispersion σ, for three values of the gas fraction
( fg = 0.1, thick solid line; fg = 1.0 and 0.01, dashed lines). These curves also account for uncertainty associated with the net momentum deposition rate in starbursts,
which includes contributions from radiation, stellar winds, and supernovae. Also shown is the observed Faber-Jackson relation from eq. (38). From §2.2 and §4, we
predict that for σcrit < σ < σmax (see Fig. 1), no system should have a luminosity greater than LM. We test this prediction in this figure by surveying the literature for
the brightest objects at any σ. Detailed information on all systems plotted here can be found in Tables 1 and 2 and the references cited. The open squares show high
redshift ULIRGs (z∼ 2 − 3), taken from Genzel et al. (2003), Neri et al. (2003), and Tecza et al. (2004). The solid squares show local ULIRGs (Genzel et al. 2001;
Tables 1 and 2). The sample of z ∼ 3 LBGs are the open circles (Pettini et al. 2001) while the z ∼ 2 LBGs are the “X”s (Erb et al. 2003). The open triangles are
taken from the sample of blue CFRS galaxies at z∼ 0.6 in Mallén-Ornelas et al. (1999) (their Fig. 2). We have selected the brightest galaxies at several σ. The filled
triangles show the sample of HII galaxies from Telles & Terlevich (1997) (their Tables 1 and 3). The open stars are dwarf galaxies from Martin (1998) and Mateo
(1998) (Tables 4 and 7). The subset of dwarfs plotted here are those with the highest luminosities associated with current star formation, rather than the old stellar
population. Finally, we include a selection of local starbursts from Heckman et al. (2000) that show evidence for outflows of cold gas (see Table 2 for details).
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FIG. 3.— Starburst luminosity as a function of time in the models of Bruzual & Charlot (2003), for an instantaneous starburst, and starbursts with duration
τSB =10, 30, 100, and 300 Myr. All calculations were normalized to the same peak luminosity and employ a Salpeter IMF from 0.1 − 100 M⊙ . We argue that the
ratio between the peak starburst luminosity and the luminosity at 1010 yr gives the normalization between LM (eqs. 15 and 18) and the present-day Faber-Jackson
relation (eq. [38]). This requires a starburst lifetime of τSB ∼ 300 Myr.
FIG. 4.— Same as Fig. 2, but for quasars from the SDSS sample of Boroson (2003) (squares) and the compilation of Shields et al. (2003) (circles). The velocity
dispersion is estimated from the OIII linewidth while the luminosity is estimated using L ≈ 9νLν (5100), the bolometric correction advocated by Kaspi et al.
(2000). The limiting luminosity for momentum-driven galactic winds (LM; eq. [15]) is also shown, for three values of the gas fraction ( fg = 0.1, thick solid line;
fg = 1.0 and 0.01, dashed lines). This limit accounts reasonably well for the maximum quasar luminosity at any σ. Note that Boroson (2003) does not present
his observed values of νLν (5100), but they can be determined from his inferred black hole masses and H −β linewidths (vHβ ) using MBH = 3v2HβRBLR/(4G) and
RBLR = 34[νLν (5100)/1044 ergs s−1]0.7 lt − days, where RBLR is the radius of the broad line region (see his Table 1).
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TABLE 1
LUMINOSITY & VELOCITY DISPERSION: HIGH-REDSHIFT GALAXIES
Object Class Name log10[L (L⊙)] σ (km s−1) References & Notes
High-z ULIRGs SMM J14011+0252 13.36 175 Tecza et al. (2004); L = LIR. σ = VCirc/
√
2.
SMM J02399-0136 13.08 300 Genzel et al. (2003); Neri et al. (2003)
SMM J04431+0210 12.48 146 For all systems:
SMM J09431+4700 13.23 175 L = LIR and σ = LW/2.4, where
SMM J16368+4057 13.20 350 LW = line width.
z∼ 3 LBGs CDFa D18 11.98 79 Pettini et al. (2001)
CDFa C8 11.86 106
CDFa C1 11.51 ≤ 63 For all systems:
Q0201+113 C6 11.31 64
Q0256-000 C17 11.33 53 L obtained from AB magnitude:
Q0347-383 C5 11.44 69 L = νLν0 10−0.4MUV ;
B2 0902+343 C12 11.80 87 Lν0 = 4.3× 1020 erg/s/Hz.
West MMD11 12.10 53
Q1422+231 D81 11.65 116 Extinction E(B −V ) computed
3C324 C3 11.31 76 from (G − R) color
SSA22a MD46 11.32 67 (A. Shapley, private communication).
SSA22a D3 12.17 113
DSF 2237+116a C2 11.87 100 σ = 1D velocity dispersion
B2 0902+343 C6 12.13 55 of nebular emission lines.
MS 1512-cB58 11.94 81
Q0000-263 D6 11.76 60
z∼ 2 LBGs CDFb-BN88 11.60 96 Erb et al. (2003)
Q0201-B13 11.01 62
Westphal BX600 10.92 181 For all systems:
Q1623-BX376 11.50 261(a), < 224(b)
Q1623-BX432 10.69 51 L obtained from extinction corrected UV
Q1623-BX447 10.83 174 SFR via SFR = 1.4× 10−28L1500 erg/s/Hz.
Q1623-BX449 10.83 141 σ from their Table 2.
Q1623-BX511 10.92 152
Q1623-BX522 11.12 < 44 For system Q1623-BX376,
Q1623-MD107 10.48 < 42 we plot σ = 261 km s−1.
Q1700-BX691 10.58 170
Q1700-BX717 10.83 < 60 The other systems with only upper
Q1700-MD103 11.52 75 bounds on σ we include in
Q1700-MD109 10.65 87 Figure 2.
SSA22a-MD41 11.36 107
z∼ 0.6 CFRS CFRS-1 9.70 35 Mallén-Ornelas et al. (1999)
CFRS-2 10.00 40 For all systems:
CFRS-3 10.10 42 L obtained from MB with h = 0.7;
CFRS-4 10.22 83 L = 4.73 LB,⊙ 10−0.4(MB−5.48).
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TABLE 2
LUMINOSITY & VELOCITY DISPERSION: LOW-REDSHIFT GALAXIES
Object Class Name log10[L (L⊙)] σ (km s−1) References & Notes
Local ULIRGs I00262+4251 12.0 170 Genzel et al. (2001)
I00456-2901 12.2 162
I01388-4618 12.0 144 For all systems:
I01572+0009 Mrk 1014 12.5 200
I14348-1447 12.3 150(u), 170(l) L = LIR; σ = σ stars
I15327+2340 Arp 220 12.1 172(W), 155(E) (their Tables 1 and 2).
I16504+0228 NGC 6240 11.8 270(N), 290(S)
I17208-0014 12.3 229 In cases where two σs are
I20087-0308 12.4 219 observed, we plot the lower
I20551-4250 12.0 140 of the two.
I23365+3604 12.1 145
I23578-5307 12.1 190
HII Galaxies UM133 9.11 17.2 Telles & Terlevich (1997)
C0840+1044 8.34 34.0 Melnick et al. (1988)
C0840+1201 9.76 36.5 For all systems:
C08-28A 10.70 49.1
Mrk 36 7.87 16.0 L obtained from quoted MV ;
UM 448 10.33 40.8 L = 6.3 LV,⊙ 10−0.4(MV −4.83).
UM 455 8.83 20.6
UM 461A 8.33 14.5 Corrected for galactic extinction only.
C1212+1148 9.13 34.2
C1409+1200 9.88 52.3 σ quoted as rms velocity dispersion.
Dwarf Galaxies WLM 7.66 15.6 Mateo (1998)
NGC 55 9.44 60.8 For all systems: L obtained from SFR
NGC 6822 8.96 36.1 using L = ǫM˙⋆c2 with ǫ = 10−3.
IC 10 10.03 33.0 σ = VCirc/[
√
2sin i]
II Zw 40 9.18 35.2 Martin (1998)
NGC 1569 9.23 21.9 For all systems: L obtained from SFR
NGC 4861 8.86 30.4 using L = ǫM˙⋆c2 with ǫ = 10−3.
NGC 1800 8.85 32.5 σ = VCirc/[
√
2]
NGC 3077 9.41 45.96
NGC 5253 9.26 26.9−42.4 For NGC 5253, we plot σ = 26.9 km s−1.
Local Starbursts IRAS 03514+1546 11.1 191 Heckman et al. (2000)
NGC 1572 11.2 221
NGC 1614 11.3 148 For all systems:
IRAS 04370-2416 11.0 122
NGC 1808 10.6 113 L = LIR; σ = VRot/
√
2.
NGC 2146 10.7 192
M82 10.5 96.2 σ for M 82 from Martin (1998).
IRAS 10173+0828 11.8 99
NGC 3256 11.5 120
IRAS 10565+2448 12.0 212
Mrk 273 12.2 160 σ for Mrk 273 from Genzel et al. (2001).
NGC 7582 10.6 127
NGC 7552 10.8 163
